INTRODUCTION {#SEC1}
============

Cellular nucleic acid-binding protein (CNBP), also known as zinc finger protein 9, plays a critical role in forebrain development by regulating cell proliferation and apoptosis during vertebrate organogenesis ([@B1]). CNBP has also been proposed to exhibit various biological functions as a nucleic acid chaperone, such as regulating the transcription of *c-myc, wnt*, or skeletal muscle chloride channel 1 (*clc1*), and inhibiting the translation of ribosomal protein mRNAs (rp-mRNAs) ([@B2]--[@B6]). Furthermore, CNBP has been largely implicated in various human diseases, including myotonic dystrophy type 2 (DM2) and sporadic inclusion body myositis (sIBM) ([@B7],[@B8]).

*Cnbp* encodes a 19-kDa protein that contains seven tandem cysteine-cysteine-histidine-cysteine (CCHC) zinc-knuckle repeats, which are composed of 14 amino acids and a glycine/arginine-rich region that is highly similar to the arginine-glycine-glycine (RGG) box of RNA-binding proteins ([@B9]). CNBP is a highly conserved protein that shares more than 95% sequence identity among humans, chickens, rats and mice. It is mainly localized to both the nuclei and cytoplasm of cells in mammals, amphibians, chickens and fish ([@B10]--[@B14]). In particular, several studies have shown that CNBP-mediated DM2 pathogenesis may confer susceptibility to several immune-related diseases, such as rheumatoid arthritis and inflammatory eosinophilic infiltration ([@B15],[@B16]). Additionally, hyperactivation of the innate immune response is associated with the pathology of DM ([@B17]). In a similar phenomenon, CNBP is correlated with sIBM, which is a type of autoimmune disorder characterized by abnormal inflammatory responses. These responses are caused by an unknown trigger and lead to muscle degeneration and injury ([@B18],[@B19]), suggesting that CNBP may directly participate in immune responses.

Cytokines and chemokines are immunoregulatory proteins that act as signaling molecules and control both the innate and adaptive immune response to activate an effective host defense against microbial invaders ([@B20],[@B21]). Therefore, its expression must be tightly regulated by transcriptional and post-transcriptional mechanisms during infections, mis-regulated synthesis or turnover of inflammatory cytokines, all of which may exert a pathological effect on chronic inflammation and autoimmunity ([@B22],[@B23]). During the stimulation of macrophages with lipopolysaccharide (LPS), which is a surface component of Gram-negative bacteria recognized by Toll-like receptor 4 (TLR4) ([@B24]), several transcription factors work together to activate cytokine and chemokine gene expression ([@B25],[@B26]). In particular, nuclear factor κB (NF-κB) and interferon regulatory factors (IRFs) are constitutively expressed in various cell types. These factors are induced most rapidly by stimulus-dependent and post-translational modifications, and they are translocated to the nucleus, where they initiate inflammatory gene expression by binding to a specific DNA region on the *cis*-regulatory elements of their target genes ([@B22]). After the primary responses, the sequential cascades of transcription factors regulate subsequent gene expression as a positive feed-forward control pathway, which governs the immune system over a prolonged period of time ([@B22],[@B27]--[@B28]). This regulatory circuit proposes a high degree of complexity in LPS-induced transcriptional regulation, but the gene regulatory network that is involved in the pathogen-evoked inflammatory activation of macrophages is not fully understood.

Here, we describe a previously unknown role for CNBP as a transcription regulator of persistent *il-6* gene expression. Using a DNA--rotein complex pull-down assay, we identified specific CNBP-binding motifs in the promoter regions of sustained cytokines, including interleukin *(il)-1b, il-6, il-12b*, and *il-15*, and chemokine (C-C motif) ligand 3 *(ccl3), ccl4, ccl5, ccl7, ccl9* and *ccl22*, which are targeted for transcription by CNBP activity. Furthermore, LPS induced *cnbp* expression through a positive autoregulatory mechanism and an NF-κB-dependent manner. We also found that LPS stimulated the translocation of CNBP from the cytosol to the nucleus through a phosphorylation-dependent dimerization mechanism. Consequently, knockdown of *cnbp* in zebrafish showed reduced *il-6* mRNA levels and a greatly decreased number of infiltrating leukocytes into an infected region, thereby leading to severe *Shigella flexneri* infection-induced mortality *in vivo*. Thus, we propose a novel function for CNBP in a regulatory transcriptional circuit for *il-6* mRNA production that involves promotion of the immune response against infection over time.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents and antibodies {#SEC2-1}
-----------------------

LPS (*Escherichia coli* 026:B6) and 1826 CpG-DNA (5΄-TsCsCsAsTsgsAsCsgsTsTsCsCsTsgsAsCsgsTsT-3΄) were purchased from Sigma-Aldrich (St Louis, MO, USA) and TIB Molbiol (Berlin, Germany), respectively. DAPI (4΄,6-diamidino-2-phenylindole) and actinomycin D were purchased from Sigma-Aldrich. The following antibodies were used: anti-CNBP (ab83038; Abcam, Cambridge, UK or sc-515387; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p65 (sc-8008; Santa Cruz Biotechnology), anti-tubulin (G094; ABM Inc., Richmond, Canada), anti-FLAG (G191; ABM Inc. and M185-3L; MBL International, Woburn, MA, USA), anti-HA (G036; ABM Inc.), anti-Myc (2276; Cell Signaling Technology), anti-GFP (11814460001; Roche, Basel, Switzerland and ab290; Abcam) and anti-Lamin A/C (2032; Cell Signaling Technology).

DNA constructs {#SEC2-2}
--------------

Mouse *cnbp* (isoform 1 and 2) and mutants were tagged with hemagglutinin (HA), Myc or green fluorescent protein (GFP) and cloned into retroviral pLHCX or pMSCV vector (Clontech, Mountain View, CA, USA) (HA-CNBP, CNBP-HA, Myc-CNBP, GFP-CNBP, CNBP-HA^T173A^, CNBP-HA^T177A^ and CNBP-HA^T173/177A^). Mouse complementary DNA encoding p65, TAK1 and CK1 were fused to Myc or Flag and cloned into the retroviral pMSCV vector (Myc-p65, Myc-TAK1 and Flag-CK1). Flag-PKC and Flag-PKA were kindly provided by Dr Young Jun Oh (Yonsei University, South Korea) and Dr Yeun Kyu Jang (Yonsei University), respectively. All GST-fusion constructs were generated by subcloning into the pGEX-6P-1 vector (GE Healthcare, Uppsala, Sweden) (GST-CNBP, GST-HA-CNBP, GST-CNBP Δ1-53, GST-CNBP Δ54-178, GST-CNBP ΔRGG, GST-CNBP ΔNLS, GST-CNBP^T173/177A^ and GST-p65 \[356−549\]). *Il-6* promoter genes (\[−5562 to +49 bp\] and \[−1624 to +49 bp\]), *il-12b* promoter genes (−1062 to +63 bp), and *cnbp* promoter genes (−1444 to +154 bp) were prepared from mouse genomic DNA and cloned into the pGL3 basic vector (Promega, Madison, WI, USA). The deletion mutants of the CNBP-binding site (CTGAAAAA \[−1146 to −1139\], CTGAAAAA \[−518 to −511\] and AAATTAGA \[−52 to −45\]) in the *il-6* promoter region were generated by overlap extension polymer chain reaction (PCR). The shRNA oligonucleotides against CNBP or GFP (control) were annealed and subcloned into the pSUPER retroviral vector (Oligoengine, Seattle, WA, USA). All constructs were verified by sequencing, and all primer sequences are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Cell culture {#SEC2-3}
------------

Murine RAW 264.7 macrophages (ATCC TIB-71), human embryonic kidney (HEK) 293T cells (ATCC CRL-11268), mouse epithelial fibroblasts (MEFs) and *p65*-deficient MEFs (*p65*^−/−^) were grown in Dulbecco\'s Modified Eagle Medium (DMEM; HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone) and penicillin/streptomycin (HyClone). Cells were maintained in an atmosphere of 5% CO~2~ in a 37°C humidified incubator. NF-κB *p65*-deficient MEFs were kindly provided by Dr Alexander Hoffmann.

Statistical analysis {#SEC2-4}
--------------------

All experiments were repeated at least three times with consistent results. Data are presented as means and standard deviations, as noted in the figure legends. Statistical differences between two means were evaluated with the two-tailed, unpaired Student\'s *t*-test or Mantel-Cox log-rank test. Differences with *P* values less than 0.05 were considered significant. No samples were excluded from the analysis. The data was normally distributed, and the variances were similar between groups. No statistical method was used to predetermine sample sizes. Instead, sample size determinations were based on previous experiences with experimental variability. The experiments were not randomized, and the investigators were not blinded to allocation during the experiments or the outcome assessments.

RESULTS {#SEC3}
=======

CNBP binds to the promoter region of sustained cytokine genes and affects their expression {#SEC3-1}
------------------------------------------------------------------------------------------

CNBP has been shown to bind to nucleic acids and regulate the expression of various genes that are involved in forebrain development and proliferation. As described previously, it has also been implicated in immune disorders ([@B1],[@B15]--[@B19]). Therefore, we investigated whether CNBP may act as a transcriptional regulator in the immune response using a DNA--protein complex pull-down assay. This technique is used to identify specific binding targets and DNA-binding sequences for transcription regulators ([@B29]), and thus allowed us to discover new targets of CNBP in the transcriptional regulation of the immune response in macrophages. DNA libraries from the DNA pull-down samples were constructed and sequenced; the sequenced fragments were mapped to the UCSC mm10 genome sequence ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). As reported previously ([@B30],[@B31]), the G-rich consensus sequences occurred with the highest frequency in the targeted regions ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Interestingly, sequencing profiles from the DNA-protein pull-down assay demonstrated that CNBP specifically bound to many immune-related genes, including sustained inflammatory genes, and this occurred in 56.6% of total LPS-induced immune-related transcripts (309 genes) ([Supplementary Excel file](#sup1){ref-type="supplementary-material"}).

To gain insight into the immunological role of CNBP-DNA binding, we focused on the CNBP-mediated regulation of inflammatory gene expression. Notably, the expression of sustained inflammatory genes that were bound to CNBP (e.g. *il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7, ccl9* and *ccl22*) was severely impaired in *cnbp*-depleted macrophages during LPS stimulation ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). In contrast, we did not observe any effects on genes that were not bound to CNBP (e.g. tumor necrosis factor*-*α \[*tnf-a*\], transforming growth factor-β1 \[*tgf- b1*\], secreted phosphoprotein 1 \[*spp1*\], *il-18* and *irf7*) ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). To determine if the genomic targeting of CNBP occurs by a mechanism involving a nucleic acid chaperone or a transcription factor, we examined whether occupied sites were enriched for specific DNA-binding motifs. We used MEME ([@B32]) to find *de novo* consensus motifs that were recognized by CNBP. This analysis revealed two putative sequences of CNBP binding, and these sequences were statistically significant relative to the background frequency (Figure [1A](#F1){ref-type="fig"}). Strikingly, these motifs were present at the promoter sites of sustained inflammatory genes and also existed in a small window encompassing nucleotides (nt)−4500 to +1 around the transcription start site (TSS) of these genes (Figure [1B](#F1){ref-type="fig"}). Consistent with the DNA--protein pull-down analysis, a chromatin immunoprecipitation (ChIP) assay with endogenous CNBP antibody showed that LPS induced the binding of CNBP to the promoter regions of *il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7, ccl9, ccl22* or *cnbp* (Figure [1C](#F1){ref-type="fig"}). Collectively, these promoter regions contained a specific sequence corresponding to [**A**a(g)a(t)**T**g(t)**AG**a(t)]{.smallcaps} or **CTGAAAA**[t(a)]{.smallcaps} (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Furthermore, consistent with the RT-PCR results, quantitative reverse transcription-PCR (RT-qPCR) confirmed that the expression of inflammatory genes bound to CNBP, but not of genes were not bound, was severely attenuated by CNBP depletion in LPS-stimulated macrophages (Figure [1D](#F1){ref-type="fig"}). To exclude the possibility off-target shRNA effects, we used additional shRNAs targeting CNBP (shRNA \#2) to examine the effect of CNBP on the expression of its binding or non-binding genes, namely *il-1b, il-6* and *tnf-a*. Consistently, CNBP depletion significantly reduced *il-1b* and *il-6* expression, but not *tnf-a* ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Therefore, these results suggest that CNBP specifically binds two consensus motifs in the proximal promoter regions of inflammatory genes, which enhances their expression.

![CNBP binds to the promoter-proximal regions of sustained cytokines and affects their expression. (**A**) The sequence logo of CNBP-binding motifs, as determined by DNA--protein complex pull-down assay and MEME, is represented. The size of each nucleotide is proportional to the frequency of its appearance at each position. (**B**) Upstream regions of CNBP-binding cytokines have CNBP-binding motifs within 5 kb of the transcription start site (TSS). Bold letters in the consensus sequences indicate highly conserved positions. The numbers in parenthesis refer to CNBP-binding consensus regions in the promoter of indicated genes relative to the TSS. (**C**) CNBP binds directly to sustained cytokine genes. RAW macrophages were treated with LPS (80 ng ml^−1^) for 2 h, and whole cells were cross-linked with 1% formaldehyde for 10 min. Isolated nuclei were sonicated until the size of the chromatin was below 1 kb. Fragmented chromatin was incubated with anti-CNBP antibody. CNBP-associated promoters were amplified by PCR with the primers indicated in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. (**D**) CNBP depletion affects the inflammatory cytokine gene expression. Quantitative real-time RT-PCR analysis of CNBP-binding genes (*cnbp*, interleukin \[*il*\]-*1b, il-6, il-12b, and il-15*, chemokine ligand 3 \[*ccl3*\], *ccl4, ccl5, ccl7, ccl9*, and *ccl22*), or CNBP-non-binding genes (tumor necrosis factor \[*tnf*\]-*a*, transforming growth factor \[*tgf*\]-*b1*, secreted phosphoprotein 1 \[*spp1*\], *il-18*, and interferon regulatory factor \[*irf7*\]), in RAW macrophages transduced with a retrovirus expressing GFP small hairpin RNA (shRNA) (control) or CNBP shRNA after stimulation with LPS (80 ng ml^−1^) for 12 h. Primer pairs were listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. \**P* \< 0.05 (Student\'s *t*-test). Data are representative of at least three independent experiments and are presented as mean ± s.d. in D.](gkx071fig1){#F1}

CNBP specifically binds to its target genes in a sequence-dependent manner {#SEC3-2}
--------------------------------------------------------------------------

CNBP binds preferentially to a single-stranded G-rich consensus sequence, and the specific probes containing the 14-nucleotide G-rich sequence or the 5΄ UTR sequence from *Xenopus laevis* L4 rp-mRNA (DNA-L4-UTR) have been used to evaluate the binding capability of CNBP ([@B30],[@B31]). Therefore, we investigated the possibility that CNBP may bind to single- or double-stranded forms of the specific binding core sequence. We conducted electrophoretic mobility shift assays (EMSA) using recombinant CNBP and a set of biotin-modified probes containing the CNBP-binding consensus motif (Figure [2A](#F2){ref-type="fig"}). To verify the integrity and quality of purified recombinant CNBP, recombinant proteins were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis. We clearly observed a band corresponding to the monomer form of GST-CNBP (predicted size, 44 kDa), as well as a band greater than 80 kDa in size in non-reducing conditions, indicating the dimer form of the protein ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Prototype DNA probes gave rise to comigrating DNA--protein complexes that contained a recombinant CNBP. As reported previously, CNBP bound to the single-stranded or G-rich probe ([Supplementary Figure S3B and C](#sup1){ref-type="supplementary-material"}). Markedly, CNBP also bound to a double-stranded sequence with high affinity ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). To support this result, we determined whether CNBP binds to double-stranded consensus sequences that are present in the promoter regions of inflammatory genes, including *il-1b, il-6, il-12b, ccl4, ccl5, ccl9* and *cnbp*. We found that CNBP bound to all predicted consensus core sequences with high affinity (Figure [2A](#F2){ref-type="fig"}, lanes 7--10). The dissociation constant (*K*~d~) values also showed that the binding affinities of the CNBP-binding consensus motifs to GST-CNBP was similar to that of the 26-nt G-rich sequence ([Supplementary Figure S3D](#sup1){ref-type="supplementary-material"}). Additionally, introducing the HA antibody or unlabeling CNBP-binding double-stranded DNA probes (cold probes) to the EMSA binding reaction blocked GST-HA-CNBP-DNA or GST-CNBP-DNA binding, respectively, indicating that CNBP is capable of binding to the double-stranded consensus sequences ([CTGAAAAa]{.smallcaps} or [AaaTtAGa]{.smallcaps}) (Figure [2B](#F2){ref-type="fig"}, lanes 6 and 12; Figure [2C](#F2){ref-type="fig"}, lanes 5 and 10). However, it did not bind to NF-κB probes, which do not contain the consensus motif (Figure [2A](#F2){ref-type="fig"}, lane 11). Moreover, the interaction between CNBP and a long-length probe containing the CNBP-binding consensus sequences was clearly observed, suggesting that CNBP binding to target motifs depends on DNA consensus sequences (Figure [2D](#F2){ref-type="fig"}, lanes 5 and 10).

![CNBP specifically binds to its target genes in a sequence-dependent manner. (**A**) CNBP binds to the consensus motif-containing probes. EMSA was performed using biotin-labeled dsDNA probes. Recombinant proteins were incubated with the following putative CNBP-binding motifs or nuclear factor (NF)-κB probe: AAATTAGA (*il-6, ccl4*), CTGAAAAA (*il-6, il-1b, ccl9* and *cnbp*), AGTTGAGA (*ccl4*), AAATTAGT (*il-12b, ccl*5 and *cnbp*), or AATGT[GGGATTTTCC]{.ul}CATGA (NF-κB; consensus sequences are underlined). Protein--DNA complexes were resolved on a native polyacrylamide gel. The arrow or asterisk indicates shifted DNA and CNBP complexes or free probes, respectively. The probe was mixed with purified GST-CNBP protein in 1:15 molar ratios. (**B** and **C**) The interaction of CNBP with biotin-labeled double-stranded consensus sequences is masked by antibody-binding or unlabeled dsDNA probes. Purified GST-HA-CNBP or GST-CNBP was pre-incubated with the *α*-HA antibody or unlabeled dsDNA (cold) probes for 1 h or 15 min before adding the labeled dsDNA probes. The blue asterisks indicate the modification of biotin. (**D**) CNBP binding affinity with target motifs depends on its DNA length. The dsDNA probe was mixed with purified GST-CNBP protein in 1:15 molar ratios. (**E**) The CNBP-target gene interaction occurs in a sequence-specific manner. EMSA for putative CNBP-binding motifs (AGTTGAGA, CTGAAAAA) or mutant probes (Mut. 1−7) using recombinant GST-CNBP. The dsDNA probe was mixed with purified GST-CNBP protein in 1:20 molar ratios. Mutation residues in motifs are indicated with blue lines (wild-type sequences) and red letters (mutation sequences). Data are representative of three independent experiments.](gkx071fig2){#F2}

Importantly, the mutational analysis of both core consensus sequences showed that mutating the adenine and guanine at positions 6 and 7 of '[AgtTg**[AG]{.ul}**a]{.smallcaps} (Mut.3)' or the consecutive four adenines at positions 4--7 of 'CTG**[AAAA]{.ul}**[a]{.smallcaps} (Mut.6)' resulted in a complete reduction of CNBP-binding activity (Figure [2E](#F2){ref-type="fig"}, lanes 10 and 19). Additionally, when thymine at the fourth position in an '[Agt]{.smallcaps}**[T]{.ul}**[gAGa]{.smallcaps} (Mut.2)' motif or cytosine and thymine at the first and second positions in a '**[CT]{.ul}**[GAAAAa]{.smallcaps} (Mut.5)' motif were with a guanine, which is one of the purines, the binding affinity of CNBP to DNA probes increased over that of wild-type probes (Figure [2E](#F2){ref-type="fig"}, lanes 9 and 18). Overall, we identified the CNBP-binding elements in the proximal promoter regions of sustained inflammatory genes, and this specific interaction occurs in both single- and double-stranded DNA in sequence-specific and signal-dependent manners.

CNBP directly regulates *il-6* and *il-12b* expression by interacting with the *cis*-regulatory elements {#SEC3-3}
--------------------------------------------------------------------------------------------------------

Because previous reports showed that CNBP binds to the G-quadruplex (G4)-forming tandem repeats of G-rich sequences of target genes, thereby leading to transcriptional regulation by rearranging nucleic acid secondary structures ([@B1],[@B30]), we first speculated that CNBP may act as a chaperone to regulate its target gene expression. However, in our study, CNBP bound directly to 8-nt consensus sequences, which might be too short to form G4s. Indeed, a *Taq* polymerase stop assay, which is a useful for examining the formation of stable G4 structures *in vitro*, showed no arrest products in the sample containing CNBP and the *il-6* template, unlike G4-forming sequences ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). These results suggest that, instead of acting as a chaperone, CNBP may function as a transcription factor to activate inflammatory gene promoter and promote its transcription.

In our subsequent studies on the role of CNBP in the transcriptional regulation of inflammatory genes (*il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7, ccl9* and *ccl22*) during LPS stimulation, we focused on *il-6* and *il-12b*. These genes possess previously identified TSSs and specifically contain four (*il-6*) and two (*il-12b*) different CNBP-binding consensus sites in their 5΄-upstream regions (−4312 to TSS and −471 to TSS, respectively) (Figure [3A](#F3){ref-type="fig"}). To examine the effect of CNBP on *il-6* or *il-12b* mRNA levels, we measured *il-6* or *il-12b* promoter activity in *cnbp*-depleted and *cnbp*-overexpressed macrophages. After LPS exposure, *cnbp*-depleted and *cnbp*-overexpressed macrophages showed significantly less and more reporter activity than control macrophages, respectively (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). As noted previously, *il-6* and *il-12b* mRNA levels were significantly impaired by CNBP depletion in LPS-stimulated macrophages (Figure [1D](#F1){ref-type="fig"}; see also [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), suggesting that CNBP is a positive regulator of *il-6* and *il-12b* expression. This was not due to the CNBP-mediated *il-6* and *il-12b* mRNA stability or the effects of NF-κB activity or its expression levels, which is an initial key transcription factor for *il-6* and *il-12b*, because the transcriptional inhibitor, actinomycin D, had no effect on *il-6* and *il-12b* mRNA levels and no differences in *p65* promoter activity or its expression levels were observed in *cnbp*-depleted cells ([Supplementary Figure S4B--D](#sup1){ref-type="supplementary-material"}). Moreover, CNBP enhanced *il-6* and *il-12b* promoter activity even in *p65*-deficient cells (Figure [3D](#F3){ref-type="fig"}), indicating that CNBP is capable of directly regulating *il-6* and *il-12b* mRNA production.

![CNBP directly regulates *il-6* and *il-12b* expression by interacting with the *cis*-regulatory elements. (**A**) Schematic representation of the upstream region of *il-6* and *il-12b* in mice. The putative CNBP-binding sequences were located in the *il-6* or *il-12b* promoter. Black boxes indicate the consensus sites for AP-1 and NF-κB in the *il-6* promoter and NF-κB in the *il-12b* promoter. The transcriptional start site is marked by the violet box. (**B** and **C**) CNBP activates *il-6* and *il-12b* expression. Luciferase assays of *il-6* and *il-12b* promoter activity in RAW macrophages expressed an empty vector or GFP-CNBP (left) and GFP shRNA or CNBP shRNA (right). Cells were then transfected with the *il-6* or *il-12b* luciferase reporters and the *Renilla* reporter after stimulation with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.05 (Student\'s *t*-test). (**D**) CNBP enhances *il-6* or *il-12b* promoter activity in *p65*-deficient cells. Luciferase assays of *il-6* and *il-12b* promoter activity in *p65*^−/−^ MEFs transfected with Myc-CNBP and the *Renilla* reporter, along with the *il-6* or *il-12b* luciferase reporter. MEFs were then incubated with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.01 (Student\'s *t*-test). (**E**) The proximal promoter region of *il-6* is required for CNBP-mediated mRNA production. Luciferase assay of *il-6* promoter activity in MEFs transfected with an empty vector (mock) or CNBP-HA vector, and then incubated with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.01 (Student\'s *t*-test). (**F**) Schematic presentation of wild-type (WT) or deletion mutants of the *il-6* promoter \[−1624 to +49\]. Mutations 8, 9 or 10 (Mut. 8, 9, 10) represents deletions of CTGAAAAA \[−1146 to −1139\], CTGAAAAA \[−518 to −511\] or AAATTAGA \[−52 to −45\], respectively. All three putative CNBP-binding are deleted in mutation 11 (Mut. 11). (**G**) The CNBP-binding motif in the proximal promoter region is required for *il-6* expression. MEFs were transfected with an empty vector (mock) or WT CNBP-HA vector, along with the *Renilla* reporter and the WT *il-6* luciferase reporter or its mutants (Mut. 8, 9, 10 or 11). Cells were stimulated with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.01 (Student\'s *t*-test). Immunoblot analysis of CNBP expression levels (right panels of B, C, D, E and G). Data are representative of at least three independent experiments and are presented as mean ± s.d. in B, C, D, E and G.](gkx071fig3){#F3}

We analyzed the regulatory elements of the *il-6* promoter in detail. Activity of the *il-6* promoter region that encompasses nucleotides −1624 to the TSS, which contains three CNBP-binding motifs, was significantly increased in an LPS-dependent fashion. This result was similar to that of the reporter gene containing the distal region (−5562 to TSS) (Figure [3E](#F3){ref-type="fig"}), suggesting that the proximal promoter region, rather than distal sites, is required for CNBP-mediated *il-6* expression. To determine which CNBP-binding motif in the *il-6* promoter region is essential for its promoter activity, we removed each consensus motif individually or in combination (Figure [3F](#F3){ref-type="fig"}). Transactivation of all mutants by CNBP considerably blocked promoter activity, suggesting that each CNBP-binding motif in the proximal promoter region is required for *il-6* expression (Figure [3G](#F3){ref-type="fig"}). Thus, CNBP directly regulates *il-6* and *il-12b* expression, and CNBP-induced gene transcription depends on a specific consensus sequence that is responsible for CNBP binding.

The RGG domain of CNBP is essential for regulating *il-6* expression {#SEC3-4}
--------------------------------------------------------------------

CNBP contains structural features, including seven zinc-knuckle motifs and an RGG box, which is a proposed RNA/DNA-binding motif. To examine if the RGG box is involved in target DNA-binding capability and promoter activities, we generated a construct encoding the first zinc domain and RGG region of CNBP that corresponds to amino acids 1−53 (Δ54−178), along with a deletion mutant lacking either the RGG box (ΔRGG) or the N-terminal region composed of amino acids 54−178 (Δ1−53) (Figure [4A](#F4){ref-type="fig"}). Similar to wild-type CNBP, the RGG-containing N-terminal (CNBP-1−53) region bound to a double-stranded DNA probe that contained the CNBP-binding sequence (CTGAAAAA) (Figure [4B](#F4){ref-type="fig"}, lane 8). In contrast, the ΔRGG and Δ1−53 mutants had significantly reduced DNA binding (Figure [4B](#F4){ref-type="fig"}, lanes 9 and 10). Furthermore, the ΔRGG mutant of CNBP exhibited defects in *il-6* promoter activity (Figure [4C](#F4){ref-type="fig"}), suggesting that the RGG box of CNBP is indispensable for target DNA binding and promoter activation.

![The RGG domain of CNBP is essential for regulating *il-6* expression. (**A**) Domain mapping of CNBP, deletion mutants (\[Δ1−53\], \[Δ54−178\] and \[ΔRGG\]), or its isoforms. CNBP possesses NLS (nuclear localization signal), RGG and zinc finger domains. (**B**) The RGG box of CNBP is important for target DNA binding. Wild-type CNBP and mutant CNBP with GST tags (\[WT-CNBP\], \[Δ54−178\], \[ΔRGG\] and \[Δ1−53\]) were purified. Recombinant proteins were incubated with the CNBP-binding motif (CTGAAAAA), and protein--DNA complexes were resolved on a native polyacrylamide gel. Oligonucleotides were labeled with biotin. GST was used as a negative control. The dsDNA probe was mixed with purified GST-CNBP protein in 1:15 molar ratios. (**C**) The RGG box of CNBP is required for target gene promoter activation. MEFs were transfected with an empty vector (mock), WT HA-CNBP vector or HA-CNBP (ΔRGG) vector, along with the *il-6* luciferase reporter and *Renilla* reporter and then stimulated with LPS (80 ng ml^−1^) for 12 h. Luciferase activity was measured and normalized to *Renilla* luciferase activity. \**P* \< 0.01 (Student\'s *t*-test). (**D--F**) Effect of CNBP isoform 1 or 2 on the ability of target-gene binding or IL-6 expression. \**P* \< 0.01 (Student\'s *t*-test) in E or \**P* \< 0.05 (Student\'s *t*-test) in F. Immunoblot analysis or coomassie blue staining of CNBP expression (right panels of C--F). Data are representative of at least three independent experiments and are presented as means ± s.d. in C, E and F.](gkx071fig4){#F4}

The *cnbp* gene undergoes alternative splicing to encode four splice isoforms in mice. Isoform 1 (Iso1) encodes a full-length CNBP of 178 amino acid residues, which was referred to as 'WT' in this study. The amino acid sequence of isoform 2 (Iso2) is similar to that of isoform 1 except lacking one amino acid (G) at the C-terminal end of the RGG box and six amino acids (FTSDRG) at the N-terminal end of the linker region between the first and second zinc finger. Isoforms 3 and 4 are the same as isoforms 2 and 1, respectively, with the exception of a sequence change where one amino acid is deleted (Figure [4A](#F4){ref-type="fig"}). Because the RGG box of CNBP is indispensable for target DNA binding, we focused on CNBP isoform 2 (CNBP-Iso2). Although the binding affinities of the two consensus 8-nt sequences to CNBP-Iso2 were slightly less than the binding affinity to CNBP-Iso1, CNBP-Iso2 was clearly capable of binding CNBP-binding consensus sequences and activating IL-6 expression, but not TNF-α expression, in a pattern similar to that of full-length CNBP (Figure [4D](#F4){ref-type="fig"}−F). This indicates that the glycine residue positioned in the last position of RGG box is not involved in CNBP-mediated *il-6* expression. Taken together, we conclude that the entire sequence of the CNBP RGG region is required for facilitating *il-6* expression.

*Cnbp* expression is induced by NF-κB activation and positive autoregulation {#SEC3-5}
----------------------------------------------------------------------------

DNA--protein complex pull-down analysis revealed the existence of 13 CNBP-binding sequences with a high coverage read on their own proximal promoter regions (Figure [1B](#F1){ref-type="fig"}). To assess whether this interaction changes over time after LPS stimulation, we examined the kinetics of these binding events in LPS-stimulated macrophages. CNBP bound to its own promoter after 1 h of LPS stimulation, and its binding remained constant throughout the 12 h exposure (Figure [5A](#F5){ref-type="fig"}). In addition, the binding of CNBP to the *cnbp* promoter was detected after 1 h and exhibited significant increases at 2 and 6 h, which is similar to that of CNBP binding to the *il-6* promoter (Figure [5A](#F5){ref-type="fig"}). Consistently, no interaction of CNBP with the *tnf-a* or *tgf-b1* promoter was observed. These findings indicate a temporal characteristic of CNBP activation and suggested that CNBP may function in subsequent waves of target gene induction during LPS stimulation. Next, we hypothesized that LPS-mediated NF-κB activation may affect *cnbp* expression. Interestingly, the *cnbp* promoter region is enriched with unique binding motifs for NF-κB ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Notably, the ChIP assay showed that NF-κB-p65 bound to the *cnbp* promoter, and its interaction was observed after 30 min, peaked at 1 h, and gradually decreased 2 h after LPS stimulation (Figure [5B](#F5){ref-type="fig"}). A similar pattern was observed for NF-κB-p65 interacting with the *il-6, tnf-a* promoter, but not *tgf-b1* (Figure [5B](#F5){ref-type="fig"}). These results suggest that NF-κB-p65 binding events occur rapidly in response to LPS, and the recruitment of CNBP to the *il-6* promoter or its own promoter occurs later.

![Transcriptional regulatory circuit involving CNBP, NF-κB, and IL-6. (**A**) CNBP binds to *il-6* and its own promoter after 1 h of LPS stimulation. ChIP analysis in RAW macrophages after stimulation with LPS (80 ng ml^−1^) for 0, 0.5, 1, 2, 6 or 12 h. Eluted chromatin was used for PCR analysis of the *cnbp, il-6, tnf-a* and *tgf-b1* promoter regions. Input, DNA without immunoprecipitation. (**B**) NF-κB subunit p65 binds rapidly to the promoters of *cnbp, il-6* and *tnf-a* after LPS stimulation. RAW macrophages were stimulated with LPS (80 ng ml^−1^) for the indicated times, and ChIP analysis was performed using the anti-p65 or anti-mouse IgG antibodies. (**C**) *Cnbp* promoter activity is dependent on NF-κB and CNBP. Luciferase assay of CNBP activity in MEFs transfected with an empty vector (mock) or GFP-CNBP (left) and Myc-p65 (right) after stimulation with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.01 (Student\'s *t*-test). (**D**) RT-qPCR analysis of *cnbp* in WT or *p65*^−/-^ MEFs after treatment with LPS (80 ng ml^−1^) for 0, 1, 6 or 12 h. \**P* \< 0.01 (Student\'s *t*-test). (**E**) The effect of CNBP depletion or overexpression on the sustained expression of *il-6*. RT-qPCR analysis of *il-6* mRNA transcripts in WT, *cnbp*-depleted (K/d) or HA-CNBP-overexpressing macrophages stimulated with LPS (80 ng ml^−1^) for the indicated times, normalized to the amount of *gapdh*. \*\**P* \< 0.01 (Student\'s *t*-test). (**F**) Amount of *il-6* mRNA expression in WT and *p65*-deficient MEFs expressing either mock or GFP-CNBP proteins, stimulated with LPS (80 ng ml^−1^) for the indicated times. Expression was quantified by densitometry of bands and reported relative to *gapdh*. Densitometry of mRNA bands were quantified by three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.01 (Student\'s *t*-test). Immunoblot analysis of CNBP or p65 expression levels (right panels of C, E and F). Data are representative of three independent experiments and are presented as mean ± s.d. in C, D, E and F.](gkx071fig5){#F5}

Next, we determined if *cnbp* transcription is induced by CNBP and NF-κB-p65 interactions with the promoter. Luciferase reporter activity from the *cnbp* promoter was affected by NF-κB and CNBP, and CNBP mRNA or protein levels significantly increased in LPS-stimulated cells (Figure [5C](#F5){ref-type="fig"}; see also [Supplementary Figure S5B and C](#sup1){ref-type="supplementary-material"}). We also clearly observed that *cnbp* expression was impaired in *p65*-deficient MEFs (Figure [5D](#F5){ref-type="fig"}). The expression of *cnbp* was not induced in *p65*-deficient MEF cells at 1 h after LPS stimulation; however, a significant increase in *cnbp* expression was observed at 6 or 12 h (Figure [5D](#F5){ref-type="fig"}). These results suggest that NF-κB acts as the initial activator of *cnbp* transcription, and CNBP binds to its own promoter to obtain transcriptional activation at later time points.

Because *il-6* expression is regulated by a major transcription factor (NF-κB), we further characterized the regulatory network between CNBP and NF-κB with regard to *il-6* expression. As reported previously ([@B26]), ChIP analysis revealed that NF-κB-p65 bound to the *il-6* promoter within 30 min after LPS stimulation (Figure [5B](#F5){ref-type="fig"}). Consistently, NF-κB and IRF dissociate from target promoters and are exported from the nucleus at 1 h after LPS stimulation, terminating activation ([@B22],[@B26],[@B33]--[@B34]). Interestingly, the expression of 'sustained cytokines' (e.g. *ccl3, ccl4, ccl5, ccl9, il-1b* and *il-6*) ([@B25]), which we identified as CNBP-binding genes, increased steadily at the early time points after LPS induction and eventually plateaued over the later time points, when the interaction of CNBP with the *il-6* or its own promoter clearly occurred. Based on previous reports and our results, we hypothesized that *il-6* expression may require coordinated, temporal control of NF-κB and CNBP. To confirm this possibility, we examined the effects of CNBP depletion or overexpression on *il-6* expression during prolonged LPS stimulation. In *cnbp*-depleted macrophages, persistent induction of *il-6* transcription through 6 h of LPS treatment was severely impaired (\>9-fold change) (Figure [5E](#F5){ref-type="fig"}). We also observed that the induction of short-term *il-6* transcription (1 h) after LPS stimulation decreased in *cnbp*-depleted macrophages, but this decrease was lower than that of the late responses (6 h) (Figure [5E](#F5){ref-type="fig"}). In contrast, *cnbp*-overexpressing macrophages exhibited a large increase in *il-6* expression after 6 h of LPS stimulation. Similar to CNBP depletion, the induction of short-term *il-6* expression after LPS stimulation was slightly increased in *cnbp*-overexpressing macrophages relative to wild-type cells (Figure [5E](#F5){ref-type="fig"}). Moreover, *il-6* expression was clearly observed even in *p65*-deficient cells at 6 h after LPS stimulation. Furthermore, *cnbp*-overexpressing cells produced large amounts of *il-6* transcript (Figure [5F](#F5){ref-type="fig"}). Collectively, LPS activates NF-κB, which binds directly to the promoters of *il-6* and *cnbp* to activate moderate amounts of their production quickly. Subsequently, increased levels of CNBP activate its own transcription via autoregulation, enabling prolonged, direct expression of *il-6*, thereby leading to the sustained production of IL-6 during persistent LPS stimulation.

LPS induces the translocation of CNBP to the nucleus by specific kinase-dependent phosphorylation and phosphorylation-mediated dimerization {#SEC3-6}
-------------------------------------------------------------------------------------------------------------------------------------------

Because pathogenic infections stimulate the translocation of transcription factors to the nucleus where they activate expression of the immune-related genes, we explored the subcellular localization of CNBP in primary bone marrow-derived macrophages (BMDMs) after LPS stimulation. CNBP resided mostly in the cytosol of unstimulated macrophages, but translocated to the nucleus upon LPS stimulation (Figure [6A](#F6){ref-type="fig"}). To confirm the nuclear targeting of CNBP in response to LPS, we separated protein lysates into cytosolic and nuclear fractions. CNBP was unambiguously detected in the nuclear fraction, which was consistent with the results from the immunofluorescence assay (Figure [6B](#F6){ref-type="fig"}, lane 6). Markedly, deletion of the putative nuclear translocation signal CNBP (ΔNLS) exhibited a decrease in LPS-mediated nuclear targeting when compared with wild-type CNBP (Figure [6B](#F6){ref-type="fig"}, lanes 6 and 8). These results suggest that the NLS of CNBP is important for the targeting of CNBP to the nucleus in response to LPS.

![LPS induces the translocation of CNBP to the nucleus by phosphorylation-mediated dimerization. (**A**) CNBP translocates to the nucleus from the cytosol in LPS-stimulated macrophages. Confocal microscopy of bone marrow-derived macrophages (BMDMs) that were stimulated with 80 ng ml^−1^ LPS for 0 or 30 min and then stained with DAPI and immunolabeled with anti-p65 antibody or anti-CNBP antibody. Scale bar, 5 μm. (**B**) The NLS of CNBP is important for the targeting of CNBP to the nucleus in response to LPS. Immunoblot analysis of CNBP or CNBP mutant (ΔNLS) in cytosolic and nuclear fractions of RAW macrophages after treatment with LPS (80 ng ml^−1^) for 0 or 2 h. Tubulin and lamin A/C were analyzed as loading controls for cytosolic and nuclear fractions, respectively. (**C**) C-terminal region of CNBP was aligned, and the conservation of residues is highlighted in shades of gray. Darker colors represent more conserved residues. Residues highlighted are Thr^173^ and Thr^177^ in the mouse. T173A, T177A and T173/177A indicate the point mutation at Thr^173^, Thr^177^ and Thr^173^/Thr^177^ to alanine of CNBP. (**D**) Both putative phosphorylation sites (Thr^173^ and Thr^177^) are required for the transcriptional activity of *il-6* in response to LPS. MEFs were transfected with an empty vector (mock), wild-type GFP-CNBP vector or GFP-CNBP^T173/177A^ vector, along with the *il-6* luciferase reporter and *Renilla* reporter. Cells were then stimulated with LPS (80 ng ml^−1^) for 12 h. \**P* \< 0.05 (Student\'s *t*-test). Immunoblot analysis of wild-type GFP-CNBP or GFP-CNBP^T173/177A^ protein expression (right). (**E**) PKC, CK1 or TAK1 is responsible for LPS-mediated CNBP phosphorylation. HEK 293T cells were transfected with FLAG-PKA, FLAG-CK1, Myc-TAK1 or FLAG-PKC, and cell lysates were immunoprecipitated with anti-FLAG or anti-Myc antibodies. Phosphorylated CNBP was resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and analyzed by autoradiography. Coomassie blue stained gels are shown in bottom panels. GST was used as a negative control. (**F**) Dimerization of endogenous CNBP is induced by LPS stimulation. RAW macrophages were treated with LPS (80 ng ml^−1^) for 2 h. GA, glutaraldehyde. (**G**) The formation of CNBP dimers was determined by co-immunoprecipitation (Co-IP). IP of Myc-CNBP from HEK 293T cells transfected with Myc-CNBP and GFP-CNBP, followed by immunoblot analysis (IB) with antibody to Myc or GFP. Asterisks indicate the IgG heavy and light chains. (**H**) The phosphorylation of CNBP is critical for its dimerization. The dimer forms of the total cell lysates (left) or nuclear fraction (right) of CNBP-HA were detected by immunoblot analysis under non-reducing conditions after treatment with LPS (80 ng ml^−1^) for 2 h. Data are representative of three independent experiments and are presented as mean ± s.d. in D.](gkx071fig6){#F6}

The phosphorylation of master transcription factors is a critical step in nuclear translocation, innate immune response induction and cytokine production. Particularly, zebrafish CNBP is phosphorylated by cAMP-dependent protein kinase (PKA), and this phosphorylation occurs on serine (Ser) 158 ([@B35]). Therefore, we hypothesized that LPS may induce CNBP phosphorylation and result in nuclear targeting. Although a serine residue (Ser^158^) is found in zebrafish, the threonine (Thr) residue is highly conserved in all known vertebrate sequences at equivalent positions ([@B35]) (Figure [6C](#F6){ref-type="fig"}). We performed site-directed mutagenesis of CNBP to replace Thr^173^, Thr^177^ or both Thr residues with an alanine residue(s), thus generating CNBP^T173A^, CNBP^T177A^ or CNBP^T173/177A^, respectively (Figure [6C](#F6){ref-type="fig"}). No statistically significant inhibition of *il-6* promoter activity was observed when single-point mutants (CNBP^T173A^ or CNBP^T177A^) were analyzed ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Under LPS stimulation, the double-point mutant (CNBP^T173/177A^) showed greatly reduced promoter activity of *il-6* when compared with wild-type CNBP (Figure [6D](#F6){ref-type="fig"}). This suggests that both putative phosphorylation sites (Thr^173^ and Thr^177^) are required for the transcriptional activity of *il-6* in response to LPS.

To evaluate whether CNBP phosphorylation occurs on Thr^173^ and Thr^177^, we conducted an *in vitro* kinase assay involving PKA, which is known to phosphorylate zebrafish CNBP. PKA was involved in the phosphorylation of mouse CNBP, but Thr^173^ and Thr^177^ were not direct substrates for PKA, as there was no significant difference in phosphorylation between wild-type CNBP and CNBP^T173/177A^ (Figure [6E](#F6){ref-type="fig"}). Therefore, we used a phosphorylation prediction algorithm to identify putative kinases that are capable of CNBP phosphorylation. Casein kinase 1 (CK1), tat-associated kinase 1 (TAK1) and protein kinase C (PKC) were identified as putative kinases for phosphorylating CNBP^T173/177A^ ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). As previously reported ([@B36]--[@B38]), PKA, CK1 and PKC kinases are involved in NF-κB phosphorylation (Figure [6E](#F6){ref-type="fig"}). Notably, CNBP was effectively phosphorylated by all predicted kinases, and the phosphorylation of the CNBP^T173/177A^ was dramatically inhibited (Figure [6E](#F6){ref-type="fig"}). These results demonstrate that CK1, TAK1 or PKC is responsible for CNBP phosphorylation at Thr^173^ and Thr^177^.

In many transcription factors, such as IRF3, signal-dependent phosphorylation of the IRF3 serine cluster is essential for its dimerization. The cluster subsequently enters the nucleus, where it works with NF-κB to turn on type I interferons and other cytokines ([@B39]). Thus, we examined whether CNBP phosphorylation induces its dimerization and subsequent translocation to the nucleus to activate target genes. Under non-reducing gel conditions, we observed the appearance of a protein of 35∼38 kDa, corresponding to the predicted molecular weight of CNBP dimers ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). After reacting with glutaraldehyde (GA) in LPS-stimulated macrophages, the majority of endogenous CNBP was detected at the predicted dimer size in reducing gel conditions (Figure [6F](#F6){ref-type="fig"}). To confirm these results, we used HEK 293T cells expressing GFP-CNBP and Myc-CNBP. Consistent with the previous results, CNBP clearly underwent dimerization (Figure [6G](#F6){ref-type="fig"}). Similar to the results seen with CNBP phosphorylation, no significant inhibition of dimerization was observed with single-point mutants (CNBP^T173A^ or CNBP^T177A^) ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). Interestingly, CNBP dimerization was strongly dependent on its phosphorylation at Thr^173^ and Thr^177^, as the dimerization of CNBP^T173/177A^ was impaired in response to LPS (Figure [6H](#F6){ref-type="fig"}). Altogether, we conclude that the phosphorylation of CNBP at Thr^173^/Thr^177^ is critical for its dimerization, which subsequently induces nuclear translocation and immune response activation.

CNBP depletion-mediated reduced IL-6 production causes defects of bacterial defense {#SEC3-7}
-----------------------------------------------------------------------------------

Next, we validated the ability of CNBP to induce cytokine production in response to LPS stimulation. Similar to our previous data, this depletion impaired the LPS-induced production of IL-6, but not TNF-α, in RAW macrophages, BMDCs and BMDMs (Figure [7A](#F7){ref-type="fig"}). Additional shRNA (shRNA \#2)-expressing macrophages consistently showed a severe reduction of IL-6 production when compared with control cells (Figure [7B](#F7){ref-type="fig"}). To examine whether TLR-agonist specificity is involved in CNBP-mediated cytokine production, we assessed IL-6 production in macrophages that were exposed to CpG-DNA, which activates the TLR9 signaling cascade ([@B40]). In *cnbp*-depleted macrophages, the production of IL-6, but not TNF-α, was attenuated in response to CpG-DNA (Figure [7C](#F7){ref-type="fig"}). Additionally, *cnbp*-overexpressing macrophages showed a significant increase in the level of IL-6, but not TNF-α (Figure [7D](#F7){ref-type="fig"}). To confirm the effects of LPS-induced CNBP function in a bacterial infection system, we examined *il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5* and *ccl9* gene expression in MEFs infected by *Shigella flexneri* (M90T), a Gram-negative bacterium that robustly induces inflammatory cytokine gene expression ([@B41]). Consistent with all the LPS-related dataset, expression of all tested genes was impaired in *Shigella*-infected *cnbp*-depleted cells (Figure [7E](#F7){ref-type="fig"}; see also [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). We also assessed gene expression levels of these sustained cytokines in MEFs infected by a non-invasive derivative of M90T (BS176). Compared with the M90T results, only very small amounts of cytokine mRNA were observed in BS176-infected and *cnbp*-depleted cells (Figure [7E](#F7){ref-type="fig"}).

![CNBP depletion impairs IL-6 production, causing defects of bacterial defense. (**A--D**) CNBP expression affects the LPS (80 ng ml^−1^)- or CpG-DNA (1 μM)-induced production of IL-6, but not TNF-α. ELISA of IL-6 and TNF-α expression in culture supernatants of CNBP-depleted or -overexpressed RAW macrophages, BMDCs or BMDMs. \**P* \< 0.05 and \*\**P* \< 0.01 (Student\'s *t*-test). (**E**) CNBP depletion impairs mRNA expression of sustained inflammatory cytokines after bacterial infection. MEFs were transduced with retrovirus expressing either GFP shRNA or CNBP shRNA, and then cells were infected with *Shigella flexneri* for 1 h. The mRNA expression level of indicated genes was performed by RT-PCR. Band intensity from RT-PCR results was quantified using densitometry, and results were normalized to *gapdh*. \**P* \< 0.01 (Student\'s *t*-test). Immunoblot or RT-PCR analysis of transduction efficiency (right panels of A--E). Data are representative of at least two independent experiments and are presented as mean ± s.d. in A--E.](gkx071fig7){#F7}

Depletion of CNBP leads to an increased susceptibility to bacterial infection *in vivo* {#SEC3-8}
---------------------------------------------------------------------------------------

To determine the effect of CNBP-mediated IL-6 on the immune system *in vivo*, we examined its physiological role using a zebrafish inflammation model, a powerful model system for studying inflammatory and sepsis responses ([@B42]--[@B48]). Zebrafish possess only innate immunity until 7 days post-fertilization (dpf) and produce proinflammatory cytokines that are similar to those in rodents and humans ([@B46]). In addition, many key components of the TLR signaling pathway are ubiquitously expressed in zebrafish ([@B49]). We designed zebrafish *cnbp*-targeted morpholino oligos (MO\#1 and MO\#2) and injected them into the fertilized embryos ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). The concentrations of MOs for injection were decided according to a previous report demonstrating no off-target and/or toxicological effects ([@B50]). We found that the *cnbp* MOs efficiently reduced *cnbp* expression by producing alternatively spliced forms of *cnbp* in the MO-injected embryos (morphants) ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). In comparison with the controls, *cnbp* morphants exhibited morphological abnormalities such as a small brain, heart edema and curved tail that did not affect the morphants' survival for at least one week ([Supplementary Figure S8C](#sup1){ref-type="supplementary-material"}). To examine *il-6* mRNA expression in *cnbp*-depleted zebrafish under inflammatory conditions, we injected LPS into the yolk of zebrafish larvae at 3 dpf. Consistent with the *in vitro* results, *cnbp* morphants exhibited a significant decrease in *il-6* mRNA levels (Figure [8A](#F8){ref-type="fig"}).

![Depletion of CNBP leads to an increased susceptibility to bacterial infection *in vivo*. (**A**) The mRNA levels of *il-6*, but not *tnf-α*, decreased in the *cnbp* morphants. Control and *cnbp* morpholino oligos (MOs) were injected into zebrafish embryos along with LPS (1 mg ml^−1^) at 24 hpf. Three hours after the infection, *il-6* or *tnf-α* mRNA was measured by RT-qPCR analysis. \**P* \< 0.01 and \*\**P* \< 0.001 (Student\'s *t*-test). (**B**) Macrophages in *cnbp*-depleted zebrafish larvae fail to migrate to the inflammatory foci during LPS infection. To compare the infiltration of macrophages between control and *cnbp* morphants after LPS infection, larvae were collected at 3 h post-infection (hpi) and stained with 2.5 μg ml^−1^ Neutral Red (NR) solution. Migration of NR-stained macrophages was observed under a dissecting microscope. Images were captured and analyzed using a mono-camera and the NIS-Elements software, respectively. Scale bars, 200 μm, \**P* \< 0.001 (Student\'s *t*-test). (**C**) Infiltration of neutrophils was defective in *cnbp* morphants during *Shigella* infection. The *Shigella* M90T was injected into the otic vesicle (circle) of the control and *cnbp* morphants at 3 dpf. The zebrafish larvae were fixed with 4% formaldehyde and permeabilized with ethanol for staining with 0.03% SB at 4 hpi. The migration of SB-stained neutrophils observed by a dissecting microscope was photographed and analyzed using NIS-Elements software. Scale bars, 500 μm. \**P* \< 0.001 (Student\'s *t*-test). (**D**) Survival rates of zebrafish in control or *cnbp* morphants after *Shigella* M90T or BS176 infection. The larvae were injected intravenously with 1 × 10^3^ CFU of *Shigella* at 72 hpf and incubated at 28°C for 24 h. The survival rates of zebrafish larvae were measured during 24 h after the bacteria infection. \**P* \< 0.01 (Mantel-Cox log-rank test). (**E**) Bacterial burden in control and *cnbp* morphants after *Shigella* infection with 1× 10^3^ CFU at 72 hpf and incubation for 24 h. \**P* \< 0.001 (Student\'s *t*-test). (**F** and **G**) The delivery of wild-type *cnbp* mRNA to *cnbp* morphants rescued *il-6* mRNA production and survival during infection. \**P* \< 0.01 and \*\**P* \< 0.001 (Student\'s *t*-test) in F or \**P* \< 0.001 (Mantel-Cox log-rank test) in G. Data are representative of three independent experiments and are presented as mean ± s.d. in A and F.](gkx071fig8){#F8}

Next, we examined the recruitment of macrophages and neutrophils to LPS-infected sites because leukocyte infiltration is a characteristic of inflammation. Infiltration of macrophages in *cnbp* morphants was severely defective relative to control morphants (Figure [8B](#F8){ref-type="fig"}). Furthermore, neutrophil infiltration was also impaired at the LPS-injected sites of *cnbp* morphants ([Supplementary Figure S8D](#sup1){ref-type="supplementary-material"}). Similar to LPS injection, neutrophil infiltration to the *Shigella*-infected site was severely impaired in *cnbp* morphants (Figure [8C](#F8){ref-type="fig"}). To ascertain the effect of impaired leukocyte infiltration on the *cnbp*-silenced innate immune response, we compared the survival rates between control and *cnbp* morphants after infections with M90T. We intravenously injected the bacteria at 1 × 10^3^ CFU, an appropriate sublethal dose ([@B47]), into zebrafish larvae. The results showed that *cnbp* morphants had decreased survivability 24 h after the infection, whereas control morphants exhibited more than 90% survival (Figure [8D](#F8){ref-type="fig"}). BS176 infection was little affected the survival rates of *cnbp* morphants. From these results, we hypothesized higher mortality in the *cnbp* morphants might be due to increased bacterial burden resulting from impaired leukocyte infiltration. Therefore, we counted CFU of *Shigella* in control and *cnbp* morphants. We observed a larger number of CFU of M90T, even of BS176, in *cnbp* morphants, suggesting a defect in bacterial clearance by CNBP depletion during inflammation (Figure [8E](#F8){ref-type="fig"}). Moreover, injecting *cnbp* morphants with wild-type *cnbp* mRNA rescued *il-6* mRNA production during LPS stimulation and highly increased the survivability of *cnbp*-depleted zebrafish after *Shigella* infection, similar to control morphants (Figure [8F](#F8){ref-type="fig"} and [G](#F8){ref-type="fig"}). Taken altogether, we conclude that CNBP-mediated inflammatory cytokine gene expression is essential for the activation of innate immune signaling during bacterial infections.

DISCUSSION {#SEC4}
==========

The central finding of our study is that CNBP performs dual functions to activate transcription of immune response genes in response to LPS stimulation. These functions occur in a time-dependent manner. Specifically, we found that: (i) CNBP binds to specific DNA sequences in the promoters of sustained inflammatory genes, such as *il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7, ccl9* and *ccl22*, thus inducing the expression of these genes directly; (ii) NF-κB rapidly activates *cnbp* expression by binding to an NF-κB-binding consensus sequence in the proximal *cnbp* promoter region; (iii) CNBP activates its own expression later in the response to LPS by binding persistently to its own promoter, producing a positive feedback mechanism of autoregulation and robust levels of CNBP induce maximal transcription of *il-6* during a prolonged LPS stimulation; (iv) LPS stimulates the translocation of CNBP into the nucleus by TAK1/PKC/CK1-dependent phosphorylation of Thr^173^ and Thr^177^ and phosphorylation-mediated dimerization; and (v) CNBP deficiency significantly attenuates cytokine production, and *cnbp*-depleted zebrafish are severely susceptible to *Shigella flexneri* infection. Collectively, these observations support a role for CNBP as a critical transcription factor and a key regulator of the prolonged expression of sustained cytokine IL-6 during persistent LPS stimulation or Gram-negative bacterial infection ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

Our findings provide critical insight into the role of CNBP in the temporal control of immune gene expression to promote appropriate host responses to infection. Autoregulatory feed-forward circuits are used by eukaryotic cells to convert a graded input into a binary response in eukaryotic gene networks. Therefore, positive feedback loops are highly conserved in vertebrate evolution ([@B51]--[@B53]). Here, we show that LPS signals for translocation of NF-κB to the nucleus, where it rapidly starts to induce expression of *il-6* and *cnbp*. However, because NF-κB is generally involved in a modest increase of *il-6* in the primary response to infections, NF-κB-induced *cnbp* expression is crucial for robust and stable *il-6* expression during persistent LPS stimulation. Moreover, elevated levels of CNBP by NF-κB sequentially activate its own expression by binding to the 5΄ regulatory element of its promoter, which subsequently produces high levels of CNBP to promote sustained *il-6* expression. Interestingly, CCAAT/enhancer-binding protein-δ (C/EBPδ) is involved in sensing transient and persistent TLR4-mediated signals in a different manner ([@B26]). Thus, there may be a tight correlation between CNBP and C/EBPδ that involves autoinduction and stable expression of sustained cytokines during persistent infections, thereby enabling effective reprogramming of immune cell function and governing distinct functional modules in a transcriptional regulatory network.

Post-translational modification of NF-κB subunits, particularly by phosphorylation, is essential for efficient target gene transcription ([@B54]). In particular, the p65 subunit contains 12 phospho-acceptor sites, which can be differentially phosphorylated in a signal-dependent manner. These modifications control NF-κB-mediated transcription by impeding or promoting its association with histone deacetylase-1 (HDAC1) ([@B55],[@B56]), altering the binding of key components of the transcriptional machinery ([@B57],[@B58]), or regulating p65 stability and nuclear import ([@B59],[@B60]). Similarly, CNBP also contains various putative phosphorylation sites including threonine (Thr) residues 173 and 177. As we have shown, CNBP can be phosphorylated by TAK1, PKC and CK1. It is possible that specific kinase-dependent CNBP phosphorylation at different sites may affect its functional activity, subcellular localization and binding networks in transcriptional circuits during infections and various pathological conditions, such as cancers and autoimmune diseases.

As shown previously, *cnbp* expression is very low in the intestine compared to other rat tissues ([@B61]). Because the gut interfaces with a dense, long-term, resident microbial community ([@B62]), the intestinal immune cell population plays an important role in maintaining immune tolerance through the activation of regulatory T cells and the restriction of TLR signaling ([@B63],[@B64]). In particular, patients with inflammatory bowel disease exhibit sustained TLR-driven inflammatory responses, which exacerbate tissue injury and intestinal tumorigenesis ([@B64]). Based on our findings, we speculate that the induction of negative transcriptional regulators by intestinal cells may contribute to the low expression level of CNBP in the intestine. This serves to dampen any type of sustained inflammation that may be evoked by persistent signals from resident microbiota. Additionally, aberrant CNBP may correlate with inflammatory diseases, which could be characterized by excessive CNBP expression. Thus, our study provides further insight into the molecular pathologies of autoimmune diseases and various cancers, thereby contributing to the development of improved therapeutic strategies for these diseases.
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